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Investigation  of  Thin  Film 
Modulator  for  10  Micron  Lasers 


1.0  TECHNICAL  REPORT  SUMMARY 


1.1  Program  Objectives 

The  objective  of  this  program  is  to  explore  various  techniques  utilizing  GaAs 

uTco*  U  ^ ‘  “  thr  aCtiVe  elementS  fto  •*»*»><*««  -oLation at tt^6 

the  use  of  th  T1,e(.ttdvantaees  as  ”el1  as  tl»  limiting  factors  concerning 

the  use  of  thin  films  to  perfonn  phase  and  polarization  modulation  or  suit  chine  of 

~ "m  be  reStl8ated-  The  »"*“  °f  prcgil  IZ1 

p  ovide  useful  information  concerning  the  possible  use  of  GaAs  thin  films  to  replace 

r^ltfoflSisfnr  electr00pti0  modultltion  °f  inf^red  User  radiation.  Purthemore, 
results  of  this  program  may  provide  a  guideline  to  the  design  of  the  master  oscil¬ 
lator  by  taking  the  advantage  of  thin  film  modulator  to  yield  the  necessary  wave 

system^  tandWldth  re^lr^  ««  high  pouer  pulsed  COg  User  imaging  radar 


1.2  Major  Accomplishments 

.ynfr  *********  ^A/ONR  research  program  (Contract  U000l4-73-C-0087)  pulse 
ampntude  modulation  of  a  10-Wn  C02  laser  beam  in  a  GaAs  electrooptic  tSn  fi^J 
een  demonstrated  (Ref  l)  by  steering  a  guided-wave  mode  in  the  plane  of  the  thin 
film.  Attempts  were  also  made  to  investigate  (Ref.  2)  other  modulation  schemes  by 

films'  !>  P°laf Zatlon  modulation  and  Pitching  of  the  infrared  radiation  in  thin 
ilms.  Preliminary  results  indicate  +hat  electrooptic  modulation  of  the  infrared 

ra  a  ran  is  more  difficult  to  accomplish  with  the  latter  two  schemes.  We  have  also 
raad  a  design  analysis  (Ref.  3)  of  a  master  oscillator,  which  consists  of  a  stable 
2  aser  and  a  GaAs  thin  film  modulator,  to  produce  a  sideband  at  the  sum  or  differ 

r^  tlZTZ  betwhe  KU"ba?  EfflClent  eleCtrooptic  interaction  can  occur  in 
a  GaAs  thin  film  between  an  optical  guided-wave  and  either  a  traveling  or  a  synchro 

nous  standing  microwave  signal.  *  using  a  frequency  modulated  microwave  field  a 

chirped  optical  signal  in  the  sideband  can  be  generated.  Within  the  fr^ewor^of 

the  present  program,  experimental  data  compiled  to-date  are  sufficient  to  provide  a 

1C  *SrSment  °f  tMn  ti2M  Wave«uide  ^vices  versus  bulk  devices  Our  results 
red^  rf  w  eleCtr°°ptic  modulati°n  of  C02  laser  by  using  a  thin  film  device  can 
“  f  P°  r  re^uired  drive  the  conventional  bulk  modulator  to  a  level  which 
i  in  e  reach  of  the  present-day  electronic  components  technology  A  typical 
power  reduction  by  a  factor  of  103  can  easHy  be  obtained  by  usi*  thfn  fiU Xts. 
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1.3  Method  of  Approach 


1.3.1  Initial  Program  Plan 


The  plan  of  the  initial  program  was  to  explore  the  use  of  GaAs  epitaxial  thin 
films  for  electrooptic  modulator  devices  that  can  provide  various  modulation  formats 
ouitahle  for  and  compatible  with  the  operation  of  an  optical  waveguide.  These 

devices  were  fabricated  by  utilizing  existing  material  technology  and  available  GaAs 
epitaxial  thin  films. 


1.3.2  Revised  Program  Flan 

Based  on  experimental  data  compiled  to-date,  we  believe  that  the  replacement  of 
active  bulk  devices  for  the  modulation  of  10-pm  C02  lasers  with  thin  films  is  a 
practical  approach.  This  research  program  is  now  being  redirected  toward  the  demon¬ 
stration  of  efficient  generation  of  a  train  of  chirped  COp  laser  pulses  by  means  of 
a  nonlinear  interaction  between  a  traveling  microwave  and  a  10.6  pm  guided-wave  mode 
in  a  GaAs  epitaxial  thin  film  waveguide. 


1.4  Future  Research  Plan 

For  the  remaining  portion  of  the  present  program,  efforts  will  be  continued  to 
investigate  phase  modulation  of  a  guided  wave  mode  in  GaAs  thin  films  by  means  of  a 
super-heterodyne  technique  as  described  in  Section  2.  Additional  efforts  will  be 
made  to  investigate  other  optical  coupling  techniques  including  the  use  of  laser 
interferometric  techniques  as  described  in  Section  3.  Work  on  material  growth  and 
special  handling  techniques  of  epi-layers  (Ref.  3),  which  will  satisfy  both  the 
optical  and  microwave  coupling  requirements,  will  be  initiated.  Also  some  preliminary 
work  involving  the  design  and  fabrication  of  a  microwave  cavity  will  also  be  made. 

This  device  will  provide  a  test  bed  for  the  evaluation  of  microwave  coupling  tech¬ 
niques  as  described  in  Section  3. 
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2.0  IR  THIN  FIIM  MODULATOR- PRESENT  STATUS 


2*1  IR  Thin  Film  Waveguide  Structure 


GaAs  epitaxial  thin  film  structures  suitable  for  use  as  passive  and  active 
waveguide  devices  at  .the  10-micron  C02  laser  wavelength  consists  of  a  low  free 
electron  concentration  (u  <  10  3  ^-3)  single  crystal  thin  film  deposited  onto  an 
N  type  GaAs  Bridgman  substrate  with  a  N  value  -  lO*8  ^-3.  The  use  of  dopl  q_ 

me  to  estabiish  the  index  difference  An  between  the  epitaxial  layer  and  the  sub¬ 
strate  is  a  good  choice  for  lasers  at  longer  wavelength.  Because  of  the  large 
difference  in  free  carrier  concentrations  the  refractive  index  of  f  GaAs  substrate 

is  depressed  significantly  below  that  of  the  undoped  epitaxial  layer  by  an  amount 
given  by 


An  = 


2 

e  AN 


8nTMne  c^ 
o 


(1) 


where  An  is  the  difference  in  free  carrier  concentrations,  n  the  refractive  index 
of  the  layer,  m  and  e  are  the  carrier  mass  and  charge,  c  is  the  velocity  of  light 
and  e  the  permittivity  of  free  space.  For  X  =  10.6  Urn,  the  index  difference 
between  an  undoped  layer  and  a  heavily  doped  substrate  (Ns  =  1.6  x  10l8  cm"3)  can 
be  as  large  as  0. 3.  With  such  a  large  index  difference,  a  number  of  discrete  modes 
can  be  excited  and  confined  in  a  relatively  thin  film  having  a  thickness  of  the 
order  of  one  optical  wavelength. 


Consider  a  waveguide  structure  as  shown  in  Fig.  1,  which  consists  of  a  thin 

^  with/efraiCflive  |?dex  nl  =  3* at  10.6  (im  and  a  substrate 

with  no  2.975  (Nq  -  1.6  x  101  cm"3),  The  medium  above  this  film  is  air  with 

n2  =  1*  Let  Pm  represent  the  propagation  constant  of  the  mth  mode.  We  have  cal¬ 
culated  the  ^/k  value,  where  k  is  the  propagation  constant  in  free  space,  by  using 
the  analysis  of  Tien  and  Ulrich  (Ref.  5).  Figure  2  is  the  plot  of  a  waveguide 
thickness  versus  P/k  values  for  the  TE  and  TM  modes.  The  dotted  and  the  solid 
curves  represent  the  TE  and  the  TM  modes,  respectively.  For  lower  order  modes,  the 
di  ference  between  TE  and  TM  is  small  (degenerate  cases).  As  m  >  2,  differences 
between  TE  and  TM  become  more  distinguishable.  Data  shown  in  Fig.  2  provide  the 
basic  information  needed  for  the  design  of  various  waveguide  devices. 


Figure  3(a)  is  a  photograph  of  one  of  the  large  GaAs  epitaxial  layers.  The 
long  axis  (110)  of  this  thin  film  element  has  a  length  greater  than  1.3  inches. 

In  order  to  establish  carrier  concentration  levels  in  the  epitaxial  layer,  both 
Schottky  barrier  measurements  using  a  Copeland-type  (Ref.  4)  profiler  to  obtain  the 
carrier  concentration  versus  distance  X  from  the  surface  of  the  layer,  and  to  a 
lesser  degree,  Hall  measurements  were  performed.  The  essential  idea  of  the  Copeland 
technique  is  that  if  a  constant  AC  current  (u>/2tt  =  5  MHz)  is  applied  to  the  reverse- 
biased  metal-semiconductor  structure,  the  voltage  at  to  is  proportional  to  X  while 
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a  generated  voltage  at  2w  is  inversely  proportional  to  the  carrier  concentration. 
Through  independent  monitoring  of  the  AC  voltages  and  plotting  these  with  respect 
to  each  other,  a  carrier  concentration  profile  results  as  the  DC  bias  level  is 
changed.  Correction  for  edge-effect  errors  can  be  made  following  profiling  (Ref.  5). 
To  prepare  the  Schottky  barrier  structures,  Au-12$  Ge  was  evaporated  onto  the  lapped 
substrate  side  and  alloyed  to  establish  ohmic  contact.  Gold  evaporated  onto  the 
epitaxial  layer  and  then  subjected  to  standard  photolithographic  etching  to  define 
areas  of  metallization  fora  the  Schottky  barrier.  Hall  measurements  were  made  on 
epitaxial  layers  deposited  on  semi- insulating  Cr-doped  Bridgman  -substrates  (resis¬ 
tivity  >  10  ohm-cm).  Photolithographic  etching  defined  the  Hall  mesa,  and  contacts 
were  made  with  alloyed  Au-12$  Ge  evaporated  onto  the  arms  of  the  mesa. 

The  electron  concentration  in  heavily  doped  substrates  (5  x  lO1?  cm“3  ^  N0  ^ 
1019  cm" 3)  was  obtained  by  recording  the  IR  wavelength  of  minimum  reflectivity  near 
plasma  resonance  (Ref,  6),  Also,  the  thickness  of  the  epitaxial  layer  grown  on  these 
substrates  was  obtained  using  infrared  interferometry  via  analysis  of  the  fringe 
separations  on  the  reflectivity-wavelength  plot.  The  electron  concentration  in 
material  for  which  Nq  <  5  x  lO1?  cm"3  was  assigned  on  the  basis  of  Hall  measure¬ 
ments  on  ultra sonically  cut  Hall  bars  taken  from  nearby  slices  of  the  Bridgman 
boule. 

Figure  3(b)  shows  the  typical  I-V  characteristics  of  the  Schottky  barrier 
electrodes.  The  reverse  breakdown  voltage,  in  this  case,  is  over  100  volts  and  is 
a  characteristic  of  the  epi-layer  surface  quality  and  low  free  carrier  concentration. 
Figure  4  shows  a  typical  doping  profile  of  the  epi-layer  (1-51-2A).  These  results 
were  obtained  by  Schottky  barrier  measurements  for  a  number  of  points  along  the 
length  of  the  layer.  Noted  that  the  thickness  uniformity  of  this  layer  is  reasonably 
good  to  within  ±  1  p,m  over  a  length  of  2,5  cm.  The  free  carrier  concentration  in 
this  epitaxial  layer  is  <  101*  an"3.  Our  vapor  phase  epitaxial  system  (lEP)  has  been 
producing  small  epitaxial  layers  (l.  5  cm  in  length)  having  a  free  carrier  concentra¬ 
tion  less  than  id2  cm ‘3,  In  these  cases  the  built-in  voltage  of  the  Schottky 
barrier  (with  no  applied  DO  bias)  is  sufficient  to  fully  sweep  the  layer  of  mobile 
charge.  For  example,  in  the  case  of  a  35-Rn  layer,  the  region  beneath  the  Schottky 
contact  will  be  fully  depleted  if  N  is  uniformly  10*2  ^,-3.  In  SUch  a  case  no 
profile  results  except  for  a  thin  region  at  the  epi-substrate  interface;  therefore, 
the  actual  carrier  concentration  in  this  layer  can  be  surmised.  Another  important 
aspect  of  high  resistivity  and  low  N  GaAs  epitaxial  thin  film  is  that  for  a  fixed 
electrode  area  and  a  bias  voltage,  the  capacitance  decreases  almost  exponentially 
with  decreasing  N  of  the  epi-layer.  Figure  5  is  a  plot  of  the  capacitance  of  GaAs 
epitaxial  thin  film  having  a  constant  Schottky  barrier  area  (0.05  an2)  as  a  function 
of  reverse  bias  voltage.  For  N  =  12  cm“3,  the  capacitance  of  a  1  mm  x  3  cm  GaAs 
epitaxial  thin  film  would  be  18  pF  at  a  reverse  bias  voltage  of  20  volts,  and  ~  10 
pF  at  50  volts. 
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2.2  Electrooptic  Modulation 


Attempts  were  made  to  perfoim  electrooptic  modulation  of  the  10  p-m  COp  laser 
radiation  in  GaAs  thin  films.  The  10.6  p-m  guided-wave  modes  have  been  excited  by- 
using  either  Ge  prism  or  etched  grating  coupler.  In  the  following  we  shall  discuss 
and  present  results  pn  three  types  of  electrooptic  modulation  involving  either  the 
amplitude  or  the  phase  variation  of  the  10  p-m  guided-weve  mode  in  electrooptic  GaAs 

•f  Vi  -T  vi  1  wn  ~ 


2.2.1  Amplitude  Modulation 


Amplitude  modulation  can  be  obtained  by  varying  (l)  the  ellipticity  of  light 
as  a  result  of  a  phase  difference  AT  tetween  two  orthogonal  waves  propagating  along 
the  waveguide,  (2)  the  waveguide  index  profile,  which  has  a  value  very  near  the  cut¬ 
off,  and  (3)  the  direction  of  propagation  of  a  guided  mode  in  the  thin  film.  In 
all  cases,  a  Schottky  barrier  electrode  is  deposited  on  the  surface  of  the  epitaxial 
layer  through  a  SiOg  mask  of  the  desired  pattern,  and  the  N+  GaAs  substrate  is 
alloyed  to  establish  a  good  ohmic  contact.  Our  calculations  (Ref.  2)  show  that 
optical  attenuation  through  these  thin  films  in  the  presence  of  metallic  electrodes 
is  significant,  and  the  loss  for  TM  modes  is  much  more  severe  than  that  for  the  TE 
modes.  Our  analyses  also  show  that  the  loss  varies  as  l/t3,  where  t  ls  the  thickness 
o  he  waveguide.  To  reduce  the  loss,  particularly  for  polarization  modulation, 
w  ere  simultaneous  excitation  of  two  orthogonal  modes  is  required,  the  film  thick¬ 
ness  must  be  chosen  not  less  than  30  p-m.  However,  for  thicker  films  the  voltage 

required  for  electrooptic  interaction  becomes  greater  and  more  difficult  it  is  to 
excite  lower  order  modes. 

. .  •  J Experimentally  we  have  excited  a  TE  and  a  TM  mode  simultaneously  in  a  30  p-m 
thick  guide  by  placing  a  properly  oriented  CdS  \fk  plate  in  front  of  the  input 
grating  coupler.  The  radiation  coupled  out  of  the  output  grating  coupler  was 
analyzed  by  a  wiregrid  polarizer.  It  was  found  that  the  intensity  ratio 


XTM  /  TM  ,  „  aQ 

l  =  °*08 

TE  We  . 


(2) 


the  TE  and^h  ™  «  T  ^eement  with  the  calculated  attenuation  rates  for 
the  TE  and  the  TM  modes.  When  a  voltage  V  is  applied  to  the  Schottky  barrier  elec¬ 
trode,  a  phase  shift  AT  between  the  TE  and  TM  mode  is  expected  to  be 


(3) 
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where  n  is  the  refractive  index,  r,  is  the  electrooptic  coefficient  and  t  is  the 
length  of  the  electrode.  Assuming  that  the  two  guided  waves  at  the  output  erating 
coupler  having  the  form 


etm  =  Vinujt 
ete  =  iVPEsin(U)t-Ar) 


00 


it  is  straightforward  to  show  that 


If  AT  =  0,  Eq.  (5)  reduces  to 


(5) 


(6) 


The  difference  in  ellipticity  as  a  result  of  AT  can  be  measured  by  the  cross  term: 

2E  E 

=  sin^Ar(l-cosAr)”1  (j) 

TETM 

For  V  =  50  volts,  t  =  30  pm  and  l  =  0.  5  cm,  Eq.  (3)  gives  a  AT  value  of  0.l4  rad 
(=  8°).  For  AT  =  8°,  we  obtain  from  Eq.  (7)  that 


2eteetm 

\e\m 


(8) 


which  is  a  very  small,  difference  in  ellipticity. 

During  the  course  of  measuring  ellipticity,  we  observed  pulse  amplitude  modula¬ 
tion  of  light  when  a  voltage  pulse  was  applied  to  the  Schottky  barrier  electrode. 

But  it  was  at  first  rather  surprising  to  observe  a  large  increase  in  pulse  amplitude 
when  both  the  analyzer  and  the  X/4  plate  were  removed.  It  turns  out  that  the  observed 
pulse  amplitude  modulation  is  caused  by  beam  steering  (Ref,  l)  of  the  gulded-wave 
mode  propagating  along  the  edge  of  the  Schottky  barrier  electrode.  A  switching  time 
of  about  60  nsec  has  been  obtained  and  is  limited  by  the  detector  response.  This 
technique  has  been  used  to  obtain  more  than  12$  amplitude  modulation  of  a  CO2  laser 
by  applying  only  50  volts  to  an  20  pm  thick  GaAs  thin  film  having  a  total  interaction 
length  of  0.5  an. 
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Figure  6(a)  shows  the  waveforms  of  the  applied  voltage  (upper  trace)  pulse  and 
the  modulated  light  (lower  trace)  pulse  detected  by  the  FbSnTe  photodiode  located 
about  10  cm  away  from  the  output  grating  coupler.  This  light  pulse  disappears  when 
either  the  output  grating  coupler  is  blocked  or  the  voltage  pulse  is  removed  from 
the  Schottky  barrier  electrode.  The  voltage  pulse,  which  has  a  risetime  less  than 
10  nsec,  was  measured  by  a  FET  probe  with  a  40  cLB  attenuator  at  the  Schottky 
barrier  electrode.  The  risetime  of  the  modulated  laser  pulse  is  -  60  nsec  (10$  to 
90$)  a  response  limited  essentially  by  the  response  of  the  IR  detector  used  in  our 
experiment.  Figure  6(b)  shows  a  train  of  short  negative -going  pulses  which  appear 
only  when  voltage  pulses  are  applied,  as  shown  by  the  upper  trace  of  Fig.  6(b).  The 
chopped  light  pulse,  L  ,  having  a  pulse  width  ~  3.5  msec,  represents  the  unmodulated 
TE]_  mode  intensity  transmitted  through  the  waveguide.  The  intensity  of  the  modulated 
laser  pulses,  1^,  was  found  to  increase  linearly  with  increasing  Vp  and  l. 


At  V  =50  volts,  we  have  measured  Lj,  as  a  function  of  detector  position  which 
was  varieS  by  scanning  the  detector  element  in  the  plane  of  incidence.  The  aperture 
of  this  detector  is  0,0013  cm2.  The  results,  as  shown  by  the  dotted  curve  in  Fig.  7 
indicate  that  other  modes  have  also  been  modulated  by  the  applied  E-field  in  a  way 
similar  to  that  observed  for  the  TE-]_  mode.  The  solid  curve  represents  the  unmodulated 
light  transmitted  through  the  waveguide.  These  results  along  with  the  polarization 
analysis  of  the  modulated  laser  pulses  rule  out  mode  conversion  process  (Refs.  7,8), 
i.e,,  TEi  -  TEj  -  TE1  -  TM^,  as  a  possible  mechanism  responsible  for  the  decrease 
of  laser  power  in  the  presence  of  electric  field.  Further  investigation  reveals 
that  the  negative-going  pulse  does  not  represent  a  loss  of  laser  power,  in  fact,  it 
corresponds  to  a  beam  steering  of  the  guided  TE]_  mode  in  the  plane  of  the  thin  film. 

By  moving  the  detector  element  in  the  direction  perpendicular  to  the  plane  of 
incidence,  we  observed  that  the  amplitude  of  the  modulated  laser  pulse  changes  from 
a  negative  to  a  positive  value  with  respect  to  the  chopped  laser  pulse  as  shown  in 
Fig.  8.  Simultaneous  measurements  of  Lc  and  1^  as  a  function  of  detector  displace¬ 
ment  along  a  line  perpendicular  to  the  plane  of  incidence  are  plotted  in  Fig.  9. 

The  results  show  that  the  modulated  beam  is  shifted  away  from  the  elect rooptically 
active  region  by  an  angle  o?  ^  1,1  mrad  for  Vp  ~  50  volts,  and  t  =  0,5  on.  It  was 
'observed  that  the  pulse  amplitude  of  the  modulated  light  is  greatest  when  the 
guided-wave  mode  is  propagating  along  the  edge  of  the  Schottky  barrier  electrode. 

The  electrooptic  change  in  refractive  index  for  light  propagating  along  the  (Oil) 
direction  is 


1  3  V 
r4lt 


(9) 


where  n,  rl+]_  and  t  are  the  refractive  index,  electrooptic  coefficient  and  the  thick¬ 
ness  of  the  guiding  film,  respectively.  The  difference  in  refractive  index  between 
the  active  and  nonactive  region  of  the  guiding  film  can  cause  the  observed  beam 
steering  effect  as  a  result  of  reconstruction  of  the  wavefront  of  two  plane  waves 
having  a  slight  phase  difference  AT  -  k^ngo,  propagating  along  the  edge  of  the 
electrode.  Based  on  this  model  we  can  qualitatively  estimate  the  angle  of  deflec¬ 
tion  or  by  the  expression 
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PULSE  AMPLITUDE  MODULATION  OF  A  Z02  LASER  IN  A 
GaAs  THIN  FILM 


FIG.  6 
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=“  I"AnEO  (10) 
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where  uj0  is  the  beam  width  of  the  guide  mode.  For  V  =  50  volts,  l  =  0.5  cm,  t  = 

20  pm  and  cu0  =  0. 3  mm,  Eq.  (10)  gives  a  deflection  angle  a  1  mrad,  which  is  in  a 
good  agreement  with  our  measurements.  To  measure  the  depth  of  modulation,  we  first 
collect  nearly  all  the  transmitted  power  with  the  help  of  a  f/l  germanium  lens 
by  matching  the  detector  aperture  with  the  radiation  coupled  out  of  the  output 
grating.  When  voltage  is  applied,  a  decrease  in  the  detector  output  which  core¬ 
sponds  to  a  maximum  modulated  signal  Pra  is  obtained.  The  measured  Pm/p^  ratio  is 
about  12,8  percent  at  Vp  *  50  volts,  choosing  l  =  1  cm  and  t  =  10  Hm,  we 
vit:imate  that  a  50$  depth  of  modulation  can  be  achieved  by  applying  50  volts  to 
this  thin  film  modulator. 


2.2.2.  Intensity  Switching  Experiments 


Attempts  were  also  made  to  study  the  device  characteristics  of  a  thin  film 
electrooptic  switch  as  suggested  by  A.  Yariv  (Ref.  9)  for  the  10.6  pm  COg  laser 
radiation.  The  design  of  such  a  switch  is  based  on  the  cutoff  property  of  an 
optical  waveguide.  If  the  index  profile  of  the  waveguide  device  or  the  index  dif¬ 
ference  An  between  the  thin  film  and  the  supporting  substrate  is  properly  chosen  to 
have  a  value  in  the  proximity  of  the  waveguide  cutoff  Anc,  a  small  voltage  applied 
to  the  device  can  induce  a  significant  amount  of  electrooptic  birefringence  in  the 
thin  film  that  may  be  sufficient  to  switch  a  guided  mode  above  and  below  its  wave¬ 
guide  cutoff.  The  calculated  Anc  value  is  plotted  in  Fig.  10  as  a  function  of  the 
thin  film  thickness,  t.  Results  indicate  that  Anc  values  depend  critically  on  t. 
Three  GaAs  epitaxial  thin  films  of  properly  controlled  thickness,  namely  18  pm,  22 
Pm  and  ?4  Pm  have  been  used  for  this  study.  Each  sample  has  been  profiled  by  the 
Schottky  barrier  measurements  described  in  previous  sections  and  phase  gratings  have 
been  etched  into  the  epi-layers.  The  structure  of  these  weak  waveguides  consists 
of  an  undoped  (Hf  <  lO^2  an~3)  epi-layer,  grown  on  a  low  Il(2. 0-2.2  x  lO1^  cnT^)  sub¬ 
strate.  The  index  difference  between  the  film  and  the  substrate  as  calculated  from 
.Eq.  (l)  is  about  5  x  10"3.  The  cutoff  value  An^  for  the  TE0  mode  can  be  calculated 
from  the  expression  (Ref.  9) 


An  * 
c 


(11) 


and  is  found  to  be  2.2  x  10"^. 


Figure  11  shows  the  transmission  characteristics  of  two  samples  having 
thickness  22  urn  and  3^  Pm.  These  transmission  data  have  been  normalized  with  respect 
to  the  value  of  a  typical  strong  guide  having  a  large  refractive  index  (An  0.3) 
between  the  guiding  layer  and  the  substrate.  Results  show  that  transmission  through 
these  weak  guides  (An  10~3)  near  cutoff  is  extremely  poor  and  decreases  rapidly 
as  the  thickness  of  the  guide  approaching  the  cutoff  value  tc. 
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For  the  22  lira  guide,  the  electrooptic  change  in  index  An^  is  2.1  x  10“^  at 
V  =  20  volts.  Therefore  the  depth  of  modulation, 


m 


J^o 

An- An 


(12) 


at  20  volts  is  about  0,7  percent.  To  increase  the  depth  of  modulation,  the  thickness 
of  the  guide  must  he  further  reduced  to  below  20  pm.  From  the  transmission  data, 
however,  it  is  doubtful  that  a  guided  mode  can  be  established  in  such  a  weak  guide 
having  a  thickness  so  close  to  the  cutoff  tQ  =“  15  pm.  Therefore  we  conclude  that 
the  scheme  utilizing  the  waveguide  cutoff  is  not  very  useful  to  obtain  intensity 
modulation  of  light.  At  a  first  glance,  it  appeared  rather  attractive,  but  what 
one  did  not  realize  is  that  by  operating  the  waveguide  near  its  cutoff,  optical 
transmission  decreases  significantly  and  is  affected  critically  by  film  imperfec¬ 
tions.  For  intensity  modulation  of  COg  laser,  beam  steering  technique  as  described 
above  proved  to  be  the  best  scheme  than  either  the  polarization  modulation  or  switch¬ 
ing  near  the  waveguide  cutoff.  The  advantage  of  thin  film  waveguide  device  utilizing 
the  beam  steering  of  a  10.6  pm  guided-wave  mode  in  thin  film  over  the  conventional, 
bulk  modulators  is  obvious.  More  can  be  gained  by  using  such  a  device  to  modulate 
lasers  at  shorter  wavelength.  The  improvement  factor  is  expected  to  be  proportional, 
to  lA2.  At  shorter  wavelengths,  one  not  only  gains  a  better  resolution  but  also 
a  higher  field  strength  by  using  a  thinner  waveguide.  The  present  modulation  scheme 
is  much  more  simple  and  convenient  than  the  conventional  phase  modulation  via  thin 
films  (Ref.  10),  where  a  heterodyne  receiver  or  an  optical  compensator  is  required. 
Experimental  investigation  of  phase  modulation  of  10.6  urn  COg  laser  radiation  in 
GaAs  thin  film  will  be  described  in  the  following  section. 

2.2.3  Phase  Modulation 


Presently  we  are  in  the  process  of  performing  an  experiment  to  investigate 
.phase  modulation  of  the  10.6  pm  COg  laser  radiation  in  a  GfAs  thin  film.  This  is 
an  important  experiment  which  should  provide  useful  information  directly  related  to 
our  future  plan  for  the  generation  of  a  sideband  at  the  sum  or  the  difference  fre¬ 
quencies  between  an  optical  guided  wave  and  either  a  traveling  or  a  synchronous 
standing  microwave. 

The  phase  change  AT  is  given  by  Eq.  (3).  Taking  t  -  20  pm,  l  =  3  can,  a  phase 
shift  of  tt  radian  can  be  obtained  with  an  applied  voltage  of  120  volts.  The  power 
converted  into  the  sideband  can  be  approximated  by 

E  =  E  [j  (AT)sin(u>  t+r  )] 

+  J1(Ar)cos[(ujo+^)t+ro3  (13) 

+  J1(AT)cos[u)0-U4)t+ro] 
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where  uuQ,  are  angular  frequencies  of  the  optical  and  microwave  signals  and  for 
AT  <  1, 

J  (AT)  +  0(AT)  (14) 

2  2  2 J 

Prom  Eqs.  (13)  and  (l4)  we  estimate  that  approximately  5  percent  of  the  optical 
power  will  be  converted  into  the  sideband.  Assuming  that  a  total  3  dB  transmission 
loss  through  the  waveguide,  one  watt  C02  laser  will  give  50  mW  microwave  modulated 
output  signal.  In  the  following  we  shall  discuss  in  detail  an  experiment  designed 
to  measure  AT. 

The  most  accurate  way  to  measure  the  phase  shift  in  our  laboratories  is  to  use 
a  super-heterodyne  technique.  This  technique  involves  the  measurement  of  the  phase 
shift  of  the  optical  radiation  at  rf  frequency.  Figure  12  is  a  block  diagram  of  the 
experimental  setup.  A  C02  is  incident  into  a  Ge  Bragg  deflection  cell.  A  fraction 
of  its  power  will  be  deflected  with  a  up-shifted  frequency  by  the  amount  equal  to  the 
frequency  f&  of  the  acoustic  transducer.  The  undeflected  beam  is  coupled  into  the 
GoAs  thin  film  modulator.  Upon  application  of  a  voltage  V,  the  phase  of  the  radia¬ 
tion  coupled  out  off  the  thin  film  modulator  is  then  shifted  by  AT.  After  a  mixing 
of  the  two  beams  in  a  HgCdTe  detector  (or  CuUe),  the  output  of  the  mixer  contains 
a  phase-shift  signal  at  the  rf  frequency  fa.  The  amount  of  phase  shift  can  be 
directly  measured  by  using  a  vector  voltmeter.  Figure  13  shows  the  Ge  Bragg  cell 
which  has  recently  been  fabricated  and  tested.  A  LiNbC^  transducer,  which  is  bonded 
onto  the  surface  of  Ge  Bragg  cell,  provides  a  frequency  up-shifted  C02  laser  beam  at 
fa  23  MHz.  Driving  at  one  watt  peak  acoustic  power,  this  cell  provides  a  deflected 
beam  at  a  power  level  about  2$  of  the  incident  power.  At  this  power  level  this  sig¬ 
nal  is  more  than  sufficient  to  be  used  as  a  local  oscillator  for  the  heterodyne 
receiver.  Figure  l4  shows  a  GaAs  thir.  film  modulator  (1-51-2A)  specially  prepared 
for  this  experiment.  This  modulator  has  a  thickness  ~  17  pm  and  a  2  cm  long  Schottky 
barrier  electrode.  Results  of  this  experiment  will  be  reported  in  the  final  report. 
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3.0  OPTICAL  A2HJ  KICRCWAVE  COUFLIIfG  TEC1G.1QUES 


3.1  Optical  Coupling 


3.1.1  Introduction 


Efficient  optical  coupling  Into  and  out  of  a  thin  filn  waveguide  plays  an 
important  role  in  integrated  optica.  If  uaveguide  devices  are  going  to  replace  the 
bulk,  techniques  for  obtaining  efficient  optical  coupling  aust  be  developed.  Fbr 
the  10  us  COg  laser  radiation,  materials  used  for  couplir^  of  evanescent  waves  arc 
very  limited.  Ce  pricas  can  provide  relatively  efficient  coupling  (~  50£),  however, 
it  is  Bore  difficult  and  inconvenient  to  use.  The  difficulty  is  primarily  owing  to 
the  fact  that  cleavage  of  a  single  crystal  GoAc  thin  fil-a  is  very  casv  to  occur  under 
pressure.  Phase  grating  couplers  (Ref.  10)  on  the  other  hand  have  been  widely  used 
for  the  visible  laser  radiation  and  couplers  of  tills  type  arc  sore  conforming  to  the 
integrated  optics  concepts.  But  the  lack  of  photoresist  sa'rr.'als  suitable  for  IR 
radiation  limits  the  use  of  grating  couplers  to  only  the  etched  groove  type.  Theo¬ 
retical  analysis  of  etched  groove  gratirg  has  been  worked  out  by  Chang  (Ref.  11). 
Techniques  of  fabrication  etched  gratings  have  teen  developer  at  UAKL  and  couplers 
of  tills  type  have  been  routinely  used  in  our  IR  thin  filn  work. 

3.1.2  Forward  Coupling 

Presently  the  optical  coupling  efficiency  of  etched  grating  in  a  GaAs  thin  fils 
for  10-un  laser  radiation  is  in  the  range  fros  10  to  2055  for  a  laser  bean  nice  varied 
from  1  to  5  ns  in  diaseter.  Optical  coupling  is  achieved  by  phasc-natching  an  inci¬ 
dent  laser  bens  frees  the  air  with  a  guided-wave  node  in  the  OoAs  thin  fils.  The  syn¬ 
chronous  condition  for  the  first  order  diffraction  is 

Bn-ksine+i~  (n  -  0,1,2,...)  (15) 

where  L  is  the  periodicity  of  the  grating,  k  and  ^  are  propagatirg  constants  in  air 
and  in  thin  fils,  respectively.  For  a  20  us  guide,  B/k  values  for  n  -  0,  1,  and  2 
are  3.  C  r,  3.19**  ar.d  3.125,  respectively.  Equation  (15)  indicates  that  for  these 
B/k  values,  the  values  for  L  lie  in  the  range  fros  3  to  h  us.  Etched  gratings  with 
a  periodicity  >  3  us  can  easily  be  fabricated  in  GaAs  thin  filn  materials  by  photo¬ 
lithographic  processor  without  relying  on  sore  sophisticated  ion-bean  or  holographic 
1  hniques  (Ref,  12).  Theory  (Ref,  11 )  indicates  that  the  coupling  efficiency  depends 
critically  on  the  node  order  and  also  on  the  incident  larcr  ocas  size.  Figure  15 
shows  the  calculated  optinun  coupling  xength  as  a  funs*  .on  of  the  waveguide  thickness 
for  varicu*.  TL  nodes,  llicsc  results  indicate  that  for  optinua  coupling  efficiency, 
a  coupling  length  (or  Icon  sisc)  greater  than  3.5  *  is  required  for  the  TE^  node  in 
a  20  us  thick  waveguide.  A  coupling  length  greater  than  6  sa  (not  shown  in  this 
figure)  is  required  for  the  TE  node. 
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For  all  practical  purposes,  the  laser  beam  size  must  be  kept  less  than  1  mm  so 
that  the  area  of  the  Schottky  barrier  electrode  would  not  be  too  excessive.  As  the 
electrode  area  increases  the  capacitance  increases  and  the  impedance  decreases.  For 
wideband  modulation,  it  is  difficult  to  design  a  rf  network  to  match  into  a  low  (~  212) 
impedance  load.  For  a  coupling  length  1  mm,  coupling  efficiency  in  the  proximity  of 
10$  has  been  achieved  and  our  measurements  are  in  a  reasonable  agreement  with  the 
theory.  From  the  air-  side,  the  optimum  coupling  efficiency  for  the  TEQ  mode  excited 
in  the  forward  direction  is  27$  provided  that  a  optimum  coupling  length  £  1  an  is 
used.  Obviously  such  a  large  couplii^  length  is  not  suitable  for  the  design  of  a 
wideband  thin  film  modulator. 

3.1.3  Backward  Coupling 

One  way  to  reduce  the  optimum  coupling  length  is  to  some  extent,  to  decrease 
the  grating  periodicity.  However,  the  choice  of  coupling  length  is  constrained  by 
the  phase-matching  condition,  e.g.,  Eq.  (15).  If  excitation  is  accomplished  in  the 
backward  direction,  as  shown  in  Fig.  l6,  one  can  further  reduce  the  value  of  L, 
bemuse  in  these  cases  the  phase-matching  conditions  are: 

Pit 

P  =  n  sin0  +  — -  (from  substrate)  (l6) 

mo  L  ' 

and 

Pm  =  r^sine  +  —  (from  air)  (17) 

Above  discussion  may  be  better  understood  by  examining  the  allowed  ranges  of  P  values. 

It  was  shown  by  Tien  (Ref.  13)  that  there  exists  a  number  of  modes  for  a  given 
optical  waveguide.  One  is  a  finite  set  of  discrete  modes  known  as  guided  modes 
having  propagation  constants  Pm  where  ra  =  0,  1,  2,  .  .  .  The  other  is  an  infinite 
set  of  continuous  modes  consisting  of  the  so-called  "air  modes"  and  "substrate 
modes".  In  the  case  of  air  mode  (0  s  P  s  k),  the  field  is  propagating  in  both  the 
air  and  the  substrate  region.  When  k  £  P  £  r^k,  the  field  is  evanescent  in  the  air 
region  and  is  propagating  in  the  substrate.  Figure  17  shows  the  region  where  these 
modes  occur  and  the  range  of  P  values  allowed  by  two  excitation  schemes.  Among  a 
number  of  other  possibilities,  Fig.  l?(b)  shows  the  worse  case  whereas  Fig.  17(c) 
shows  the  most  efficient  excitation  scheme.  By  choosing  very  small  L  values  physi¬ 
cally  it  means  that  (l)  the  guided-wave  mode  must  be  excited  in  the  backward  direc¬ 
tion,  (2)  the  power  diffracted  to  various  orders  as  well  as  to  modes  other  than  the 
guided-waves  can  be  eliminated,  and  (3)  the  number  of  grooves  is  increased  for  a 
given  beam  size.  In  the  case  of  GaAs  thin  film  waveguide,  L  must  be  smaller  than  3 
^m.  This  raises  the  specification  of  the  required  photomask  for  photolithography 
one  step  beyond  the  state  of  the  art. 
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b)  ETCHED  GRATING  IN  SUBSTRATE 
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a)  VARIOUS  MODES  OF  UNPERTURBED  THIN  FILM  WAVEGUIDE 


b)  POSSIBLE  MODESTO  BE  EXCITED  FROM  THE  AIR  SIDE  IN  THE  FORWARD  DIRECTION 
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iArge  npert.,-0  (>  2  in)  etched  gratings  on  seal  conducting  surfaces  with  uniforn 
spacing  ratigJnp  from  0.'  to  2u  has  been  produced  by  Cheo  and  Bass  (Pef.  12).  Tliesf 
gratings  were  forced  by  a  hologram  exposure  of  photoresist  film  deposited  on  the 
semiconducting  surface.  The  hologram  was  produced  by  adjusting  the  angle  between 
tuo  interferring  Hc-Cd  laser  beans.  The  choice  of  the  H*-Cd  User  (UigA)  over 
other  lasers  such  as  Ar  laser  (h^SOA)  is  to  gain  both  the  sensitivity  at  a  lover 
wavelength  and  a  longer  coherent  ler^th. 


Our  laboratory  is  now  equipped  with  a  Cd-Hc  laser  which  provides  a  single  node 
output  over  100  mW  at  UUlSk,  Associated  optical  components  such  as  bean  expander 
bean,  splitter  and  spatial  filter  are  on  hand  to  produce  the  desired  hologram  gratings 
on  the  photoresist  fils  (Shipley  AZ1350).  The  photoresist  film  can  be  spin-coated 
on  the  GoAr  thin  film  surface  or  on  the  low-resistivity  OaAs  substrate.  The  usual 
setter-etch  technique  win  be  used  to  fabricate  the  gratings.  Figure  l£(a)  shows 
t  .e  excitation  of  a  guided  node  by  means  of  backward  coupling  from  the  substrate 
side  into  a  thin  film  whose  surface  is  etched.  To  avoid  excessive  optical  loss  in 
the  substrate  due  to  free  carrier  absorption  (o  »•  50  ca“^  for  fl  «-  1(A®  ca"^-)  a 
window  win  be  opened  in  the  substrate  immediately  below  the  gratis  coupler* by 
etching  away  Dost  of  the  low  resistivity  material.  Surface  reflection  loss  will  be 
essentially  eliminated  by  means  of  anti -re  fleet  ion  dielectric  coating.  The  eeti- 
nated  absorption  iiu  5  M  substrate  layer  is  3  percent.  Uniform  etching  of  a  Urge 
volume  of  material  can  be  achieved  by  using  a  plasma  anodization  technique,  which 
enhances  the  usual  sputter- etching  rate  significantly.  It  is  possible  to  control 

this  process  for  removing  the  substrate  material  to  within  a  5  *=  distance  from  the 
active  thin  film. 


Figure  16(b)  shows  an  alternative  approach.  In  this  case,  the  grating  will 
be  forced  on  the  substrate  and  it  will  then  be  covered  with  an  epitaxial  thin  film 
layer.  This  case  is  equivalent  to  that  as  shown  in  Fig.  17(c).  The  high  refractive 
index  of  the  film  eliminates  the  possible  excitation  of  other  spurious  modes  when 
Jlnc.dent  bean  orglc  is  chosen  to  phase-match  a  desired  guided  mode  of  the  thin  film. 
The  phace-matchirg  condition  in  this  case  is  given  by  £q.  (17).  The  calculated 
coupling  efficiency  is  9l  percent  for  the  excitation  scheme  as  described  above, 
txpc  risen  tolly,  vc  expect  to  obtain  a  3  dB  coupler  by  using  either  one  of  the  two 
schemes  as  our  goal. 

Progreso  lias  teen  cade  in  the  growth  of  high  resistivity  CaAs  thin  film  on  a 
ir  GaAs  substrate  with  the  etched  grooves,  Figure  18  shows  some  of  the  recent  results. 
Figure  lo(a)  shows  the  Interface  between  t  high  resistivity  GaAs  thin  film  and  If4 
GaAs  nut-trate  and  Fig,  18(b)  chows  the  ctvrhcd  groove  grating  with  a  periodicity 
L  .5  wa  separating  the  epl-Uycr  and  the  substrate.  It  is  encouraging  to  sec  that 
♦he  presence  of  cached  groove  docs  not  appear  to  interfere  uith  the  growth  of  good 
quality  GaAs  thin  film.  Work  is  still  in  progress  to  make  2.5  nm  gratings  on  fi4 
GaAs  suto»rate  by  means  of  holographic  technique.  The  growth  of  high  resistive  thin 
f-lno  on  ♦hese  substrates  will  then  be  attempted.  These  results  and  the  opt i cud 
coupling  data  will  be  included  in  the  final  report. 
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FIG.  18 
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3.2  Microwave  Coupling  Techniques 

3.2,1  Introduction 

An  efficient  modulating  technique  for  generating  16.5  GHr  sidebands  on  the  IR 
carrier  requires  that  the  available  nicrcvavc  energy  be  concen*- ration  in  the  thin 
film  elcctrooptic  waveguide.  However,  the  crocs  sectional  dimensions  of  the  elec- 
trooptlcal  waveguide  arc  very  nuch  smaller  and  different  in  aspect  rat. to  tliar*  con- 
v  nllonal  c-icrowavs  transmission  lines.  The  implications  of  these  facts  and  workable 
solutions  will  be  discussed  subsequently.  First  we  vill  review  the  general  inter¬ 
action  problem  in  terms  of  obtalnirg  strorg  levels  of  sinusoidal  phase  modulation 
radians)  uith  efficient  use  of  nicrouave  power. 

The  simplest  type  of  elcctrooptic  modulator  is  depicted  schematically  in  Fig. 
19(a).  The  accumulated  phase  shift  is  proportional  to  the  electric  field  strength 
and  the  time  spent  by  a  differential  section  of  the  light  beam  in  traversing  the 
period  of  the  modulating  signal,  then  alternating  positive  and  negative  increments 
in  modulation  tend  to  cancel  one  another  uith  little  net  modulation  resulting. 
Therefore,  the  short  transit  time  condition,  indicated  in  Fig.  19(a)  forces  the  use 
of  undesirably  high  modulating  fields  and  levels  of  aicroiave  power.  A  high  Q 
resonator  could  enhance  the  electric  fields  in  a  short  transit-time  Modulator  at 
the  expense  of  useable  bandwidth  around  the  modulating  frequency. 

One  technique  for  reducing  the  modulating  field  strergth  is  to  use  an  extended 
interaction  region  in  which  a  synchronous  condition  exists  between  the  light  bean 
and  a  traveling  wave  modulating  electric  field  (Ref.  lh).  This  is  depicted  in  Fig. 
19(b),  where  the  phase  velocity  of  the  traveling  wave  (microwave  slgtal)  is  adjusted 
to  be  identical  to  the  velocity  of  the  light  bean.  Thus,  each  differential  section 
of  the  light  beam  will  continue  to  experience  identical  Increments  of  modulation 
while  traversing  the  entire  aocbJLator,  More  specifically  the  increments  are  deter¬ 
mined  by  the  phase  at  which  the  section  of  the  beam  enters  the  modulator.  The  inter¬ 
action  time  can  now  be  many  times  greater  than  the  period  of  the  modulating  signal. 
One  limitation  on  interaction  time  or  transit-time,  of  course,  would  be  the  attenua¬ 
tion  experienced  by  the  nicrouave  signal  and  another  the  attenuation  experienced  by 
the  optical  signal.  (The  attenuation  of  the  light  beam  has  ucen  censured  (Ref.  2) 
to  be  approximately  0.1  cm"1  for  the  TE  modes  in  a  thin  film  sandwiched  If  ween  two 
metallic  walls, ) 

Ihc  attenuation  of  the  traveling  wave  microwave  slgral  can  be  overcome  in 
practical  situations  by  using  a  transverse  feed  and  generating  a  standing  wave  (or 
psucdo-standlrg  wave  vhcre  significant  attenuation  exists)  along  the  modulator. 

Tills  is  depicted  in  Fig.  19(c)  where  the  standing  wave  is  setup  by  driving  the  lorg 
modulator  at  the  points  marked  A,  the  position  at  which  voltage  maxima  occur.  Since 
the  elcctrooptic  modulation  technique  is  linear,  simple  addition  of  the  modulating 
effects  due  to  the  two  components  of  the  standing  wave  cay  be  considered  separately. 
The  net  modulation  is  then  the  arithmetic  sum.  The  transverse  line  feed  suaclrgs  car* 


32 


M921613-2 


FIG.  19 
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be  adjusted  so  that  the  forward  component  of  the  standing  wave  is  synchronous  with 
the  light  beam.  The  forward  wave  contributed  modulation  is  discussed  above.  How- 
evere,  the  backward  wave,  relative  to  the  light  beam,  interacts  periodically  such 
that  for  each  half  of  a  microwave  period  the  net  modulation  is  zero.  Thus,  if  the 
line  length  is  a  multiple  of  X/2,  the  phase  modulation  incurred  is  as  though  only 
the  forward  traveling  wave  exists.  Because  of  the  nature  of  feeding  the  line  trans- 
snly,  some  bandwidth  narrowing  exists. 

The  traveling  wave  interaction  structure  may  be  incorporated  into  microwave 
resonator  utilizing  a  traveling  wave  resonator  (or  ring  resonator).  This  is  a  well 
known  technique  for  obtaining  a  higher  power  level  in  a  traveling  wave  than  is 
available  from  a  particular  microwave  source.  The  traveling  wave  structure  of  Fig, 
19(b)  would  be  inserted  into  the  ring  resonator  as  shown  in  Fig.  20.  A  directional 
coupler  is  used  to  drive  the  ring  resonator  where  the  value  of  coupling  must  be  set 
to  an  optimum  value  determined  by  the  losses  in  the  ring.  The  larger  the  losses  the 
smaller  the  power  gain  is  expected. 

3.2,2  Gynchronous  Traveling  Wave  Structure 

The  phase  velocity  matching  conditions  are  of  prime  importance  in  this  work. 

Since  the  modulator  is  only  5  or  6  microwave  wavelengths  long  some  difference  can 
be  tolerated  without  series  degradation  of  phase  modulation.  To  correct  for  an 
anticipated  difference  of  some  7$  additional  layers  of  low  dielectric  constant 
material  will  be  used.  If  spurious  effects  requires  a  slower  velocity,  periodic 
loading  of  the  line  will  be  employed. 

The  dimensions  of  the  thin-film  optical,  waveguide  lead  to  unusual  parameters 
for  the  microwave  waveguide.  Because  the  dimensions  are  small,  the  active  region  is 
best  treated  as  a  narrow  gap  region  of  a  microwave  ridge-waveguide.  The  microwave 
waveguide  is  sketched  in  Fig.  21.  The  impedance  of  the  waveguide  is  determined 
primarily  by  the  parameters  of  the  gap.  Thus  the  characteristic  impedance  of  the 
waveguide  is  calculated  approximately  from 

Z  &  jj  (18) 

to  be  2.26  ohms  (for  W  =  1000  urn,  h  =  20  nm,  ar.d /e  *  3*5).  The  air  filled  gap, 
with  the  same  dimensions,  immediately  in  front  of  the  modulator  is  7.54  ohms.  An 
intermediate  4/4  matching  line  may  be  included  between  these  two  sections  by  split¬ 
ting  the  ridge  into  two  narrower  sections  as  shown  in  Fig.  21  by  tie  section  B-B, 

Tills  construction,  in  fact,  takes  advantage  of  the  metal  that  must  be  removed,  _n 
ary  case,  fran  the  optical  g-ating  region.  The  X/4  section  would  be  only  0.013  cm 
long  for  the  GoAs.  Several  additional  4/4  matching  sections  are  shown  for  raising 
the  inp  t  and  output  impedance  levels  to  values  compatible  with  standard  waveguide 
or  coaxial  transnission  lines.  These  impedance  matching  transformers  are  designed 
by  well  known  techniques  (Ref,  15).  Since  they  are  of  higher  impedance  /values,  these 
losses  will  be  relatively  insignificant. 
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The  small  dimensions  of  the  gap  filled  with  GaAs,  20  Urn,  will  require  that  a 
high  degree  of  precision  and  surface  finish  be  maintained  in  this  structure  in  order 
to  minimize  transmission  line  losses.  If  the  semi- insulated  GoAs  is  backed  directly 
with  a  metal  such  as  copper  the  attenuation  is  calculated  to  be  1.42  dB  per  cm  or 
.71  dB  per  wavelength.  This  level  of  attenuation  is  not  prohibitive.  One  choice 
for  fabricating  the  optical  waveguide  leaves  a  thin  layer  (2  to  5  ^m)  of  n+  GaAs 
substrate.  This  layer  will  increase  the  losses;  however,  since  the  skin  depth  in 
n+  GaAs  is  20  p.m  and  the  layer  is  backed  by  a  metallic  surface,  these  losses  will 
not  become  excessive. 

We  will  next  examine  the  conditions  required  to  provide  the  required  total  rf 
voltage  swing  of  20  volts  peak  to  peak.  This  corresponds  to  an  rras  value  of  7  volts. 
With  a  pure  traveling  wave  in  the  2.26  ohm  GaAs  filled  ridged  waveguide,  neglecting 
attenuation,  the  power  required  is  nominally  22  watts.  Since  the  attenuation  per 
centimeters  is  1.42,  the  total  attenuation  for  the  desired  3  cm  of  length  is  4.26 
dB,  This  attenuation  requires  an  increase  of  the  input  power  to  approximately  32 
watts.  The  corresponding  dissipated  power  is  20  watts.  Fortunately  this  power  is 
entirely  dissipated  at  the  metallic  surfaces  where  heat  removal  is  relatively  direct 
and  simple.  The  power  dissipated  in  bulk  of  the  GaAs  is  negligible. 

The  losses  in  the  traveling  wave  structure  are  such  that  the  use  of  a  traveling 
wave  resonator  would  not  be  effective  in  raising  the  ring  power  level  significantly 
above  that  of  the  power  directly  available, 

3.2.3  Synchronous  Standing  Wave  Structure 

We  next  turn  to  the  transverse  driven  optical  modulator.  This  is  sketched  in 
Fig.  22.  The  modulator  is  located  at  the  end  of  a  tapered  wide  ridge  waveguide  with 
its  long  axis  perpendicular  to  the  direction  of  propagation  there.  The  single  ridge 
is  divided  into  5  separate  ridges  that  contact  the  modulator  material  at  five  posi¬ 
tions  spaced  one  wavelength  apart.  Each  ridge  section  will  carry  approximately  l/5 
the  total  power.  The  metallized  modulator  material  itself  forms  a  transmission  line 
oriented  perpendicular  to  the  driving  waveguide.  In  order  to  excite  a  standing  wave 
in  the  modulator  material  the  metallized  portion  ends  in  open  circuits  as  shown  in 
Fig.  22.  The  ridges  contact  the  modulator  at  standing  wave  voltage  maxima  positions. 
Thus  the  five  driving  ridges  reinforce  a  natural  standing  wave  pattern  along  the 
modulator.  If  the  power  split  between  the  ridges  is  uniform,  because  of  symmetry, 
the  one  ridge  may  be  studied  as  a  typical  element  as  shown  in  Fig,  23.  The  modula¬ 
tor  section  considered  as  the  typical  cell,  consists  of  two  open-circuited  X/2 
sections  of  transmission  lines  in  parallel. 

The  requirtmt  nts  for  operating  the  synchronous  standing  wave  configuration  with 
the  2.26  ohm  modulation  line  are  calculated  from  Fig,  23.  Each  of  the  two  4/2  sec¬ 
tions  of  open  circuit  line  present  a  high  Impedance  at  the  driving  terminals.  At  the 
center  frequency  the  value  of  each  is  53  ohms  of  shunt  resistance  due  to  lines  losses. 
Since  only  the  forward  wave  is  effective  in  modulation,  the  desired  voltage  of  the 
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forward  wave  is  7  volts  ms  as  was  discussed  earlier.  Thus  the  peak  voltage  at  the 
driving  point  (Fig.  23)  will  be  l4  volts  and  the  power  dissipation  in  a  single  sec¬ 
tion  (two  transmission  lines)  is  7.k  watts.  For  five  sections  the  total  dissipation 
is  37.0  watts.  The  impedance  presented  to  each  riving  line  is  26.5  ohms  and  the 
effective  impedance  of  the  five  parallel  sections  is  5.3  ohms.  The  impedance  levels 
in  this  configuration  are  more  favorable  then  for  the  straight  traveling  wave 
structure  discussed  earlier. 

The  circuit  configuration  docs  result  in  additional  storage  of  microwave  energy 
with  the  result  that  the  operating  range  of  frequencies  is  reduced.  The  operating 
band  may  be  calculated  by  estimating  the  Q  of  the  circuit,  again  utilizing  the  equi¬ 
valent  circuits  shown  in  Fig.  23.  The  stored  energy  in  one  transmission  line  is 
calculated  approximately  from  (Ref.  16) 


U  =  2E  (19) 

where  T  is  the  nominal  power  in  one  component  of  the  standing  wave  in  the  resonator 
and  n  is  the  number  of  half  wavelengths  (n  =  1  for  the  circuit  model  in  Fig,  23). 

The  value  for  internal  Q  (no  external  load  is  used  in  this  case)  is  calculated  from 

WU  P 

\  =  p*  =  2TT  £“  (20) 

d  d 

to  be  12,  The  value  of  loaded  Q,  which  determined  the  operating  3  dB  bandwidth, 
under  matched  conditions  is  6  and  the  corresponding  operating  bandwidth  is  then 
2.75  GHz. 

Some  preliminary  work  involving  the  design  and  fabrication  of  a  microwave  cavity 
is  now  in  progrecc.  The  microwave  structure  for  evaluating  the  electrical  properties 
of  the  modulator  is  shown  in  Fig.  24.  It  is  essentially  a  ridge  waveguide  with  the 
modulator  material  placed  in  the  narrow  gap  between  the  ridge  and  the  ground  plane. 
The  purpose  of  these  experiments  is  to  determine  an  optimum  structure  for  efficient 
coupliig  of  microwave  power  intv.  the  GoAs  sample.  The  dimensions  of  the  gap  in  the 
ridge  waveguide  arc  the  same  as  the  optical  waveguide.  In  these  experiments  the 
ridge  section  becomes  an  open  circuit  transmission  line  connected  to  a  50  ohm  input 
line.  Impedance  measurements  over  a  range  of  frequencies  referenced  to  a  plane 
established  at  the  input  to  the  ridge  section  will  yield  data  on  attenuation  and 
effective  wavelength.  This  information  in  turn  will  allow  impedance  transformers  to 
be  designed  for  the  efficient  coupling  of  power  and  will  suggest  possible  modifica¬ 
tions  in  the  structure.  A  similar  structure,  with  the  sample  removed,  will  be  used 
to  determine  similar  information  on  air  filled  ridge  waveguides.  The  air  filled 
sections  will  serve  as  the  impedance  transformers. 
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Preliminary  calculations  assuming  1  mil  sample  thickness  have  indicated  that 
open  circuited  lines,  because  of  losses,  will  already  be  fairly  well  matched  to  the 
50  ohm  input  line.  The  major  contribution  to  the  losses,  assuming  semi-insulating 
semiconductors,  will  be  copper  losses  in  the  ridge  section.  Therefore,  the  surfaces 
in  the  ridge  section  will  be  ground  flat  and  be  highly  polished. 

In  conclusion,  We  have  shown  that  less  than  40  watts  of  microwave  power  can 
provide  the  desired  level  of  modulation.  For  the  synchronous  traveling  wave  approach, 
the  bandwidth  is  limited  only  by  the  large  impedance  transformation.  Obtaining  a 
1.5  GHz  bandwidth  should  present  no  problem.  For  the  synchronous  standing  wave 
approach,  the  bandwidth  of  the  modulator  itself  is  2.5  GHz;  however,  because  some 
impedance  transformation  is  required  to  a  suitable  input  line,  the  effective  value 
will  be  lower.  Again  the  1,5  GHz  bandwidth  should  be  attainable. 
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